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Summary Acute sleep loss increases food intake in adults. However, little is known about the
influence of acute sleep loss on portion size choice, and whether this depends on both hunger
state and the type of food (snack or meal item) offered to an individual. The aim of the current
study was to compare portion size choice after a night of sleep and a period of nocturnal
wakefulness (a condition experienced by night-shift workers, e.g. physicians and nurses). Sixteen
men (age: 23  0.9 years, BMI: 23.6  0.6 kg/m2) participated in a randomized within-subject
design with two conditions, 8-h of sleep and total sleep deprivation (TSD). In the morning
following sleep interventions, portion size, comprising meal and snack items, was measured using
a computer-based task, in both fasted and sated state. In addition, hunger as well as plasma levels
of ghrelin were measured. In the morning after TSD, subjects had increased plasma ghrelin levels
(13%, p = 0.04), and chose larger portions (14%, p = 0.02), irrespective of the type of food, as
compared to the sleep condition. Self-reported hunger was also enhanced ( p < 0.01). Following
breakfast, sleep-deprived subjects chose larger portions of snacks (16%, p = 0.02), whereas the
selection of meal items did not differ between the sleep interventions (6%, p = 0.13). Our results
suggest that overeating in the morning after sleep loss is driven by both homeostatic and hedonic
factors. Further, they show that portion size choice after sleep loss depend on both an individual’s
hunger status, and the type of food offered.
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Sleep loss has been linked to increased appetite (Taheri
et al., 2004), enhanced food intake (Bosy-Westphal et al.,
2008; Nedeltcheva et al., 2009; Brondel et al., 2010; St-Onge
et al., 2011), higher circulating levels of the orexigenic
hormone ghrelin (Spiegel et al., 2004; Taheri et al., 2004;
Schmid et al., 2008; Nedeltcheva et al., 2010; Benedict
et al., 2011), greater brain reward activation in response
to food images (Benedict et al., 2012; St-Onge et al., 2012a),
decreased energy expenditure (Benedict et al., 2011), and
reduced physical activity (Schmid et al., 2009). In combina-
tion, these findings could explain why people who experience
irregular or poor quality sleep such as night-shift workers are
more prone to gain weight than those with normal sleep/
wake patterns (Patel et al., 2006; Schio¨th et al., 2012).
However, not all laboratory studies have demonstrated
increases in food intake following sleep loss (Schmid
et al., 2009), and a recent meta-analysis indicated only small
to moderate enhancing effects of sleep deprivation on acute
energy intake (Chapman et al., 2012). One reason for this
wide range in effect sizes might be that the level of food
intake under experimental condition increases with the
amount of food provided (Rolls et al., 2002; Steenhuis and
Vermeer, 2009). Thus, offering a large amount of foods to
sleep deprived participants may stimulate eating beyond
satiety, thereby potentially masking modest effects of sleep
deprivation on food intake.
Recently, it has been argued that the control of meal size
is more likely to be expressed in decisions about portion size,
before a meal begins (Fay et al., 2011). Accordingly, rather
than focusing on ad libitum intake, we sought to explore the
effects of sleep deprivation using a computer-based task
(Brunstrom et al., 2008) as a measure of self-selected portion
size. The task was administered to 16 healthy, normal-weight
men following either a night of 8-h sleep or total sleep
deprivation (TSD), both before and after breakfast. Previous
studies have shown that TSD affects ghrelin concentrations
(Spiegel et al., 2004; Schmid et al., 2008; Benedict et al.,
2011). Thus, additionally, plasma levels of total ghrelin were
measured. It was hypothesized that the selected portion size
would be larger after TSD than after one night of sleep (Bosy-
Westphal et al., 2008; Nedeltcheva et al., 2009; Brondel
et al., 2010; St-Onge et al., 2011), and that this difference in
portion size would be greater for snack items than for meal
items (Nedeltcheva et al., 2009). Further, we expected that
these effects would remain after breakfast.
2. Methods
2.1. Participants
Based on power calculations and previous experiments on
sleep loss and food intake, 16 healthy normal-weight subjects
(body mass index 23.6  0.6 kg/m2, age 23  0.9 years) who
were nonsmokers were included in the study. In an interview
prior to the experiment, all subjects reported that they had a
regular sleep—wake rhythm (i.e. 7—8 h per night), were not
on shift work, ate breakfast regularly (5 times per week),
and were not on medication. Exclusion criteria included a
history of endocrine or psychiatric disorders, irregularbedtimes, or sleep complaints. The study was approved by
the Regional Ethical Review Board in Uppsala (EPN), and the
procedures followed were in accordance with the Helsinki
Declaration. The study is registered with www.ClinicalTrials.-
gov (NCT01730742). All participants gave written informed
consent, and were paid for participation in the study.
2.2. Study design and procedure
In a randomized and balanced within-subject design, all
subjects participated in two experimental conditions that
were at least spaced apart by 28 days: sleep (i.e. 8-h sleep
opportunity) and total sleep deprivation (TSD).
Each experimental session started with a 28.5-h baseline
period. Upon arrival at 1800 (day 0), subjects received a
standardized dinner at 2000 h (ready-to-eat meal with
minced meat, baked potatoes, and vegetable; 945 kcal).
Following a baseline night of 8-h sleep opportunity (i.e.
2230—0630 h), on day 1, participants received breakfast at
0800 h (pancakes, yogurt, and juice; 494 kcal), a warm lunch
at 1300 h (ready-to-eat meal with chicken, rice, and vege-
table; 462 kcal), a snack at 1530 h (2 cinnamon buns;
119 kcal/piece), and a warm dinner at 2000 h (ready-to-
eat meal with minced meat, baked potatoes, and vegetable;
945 kcal) — all in fixed amounts, and two 30-min walks (at
1000 h and 1500 h). The baseline period in each experimental
session was used to ensure that participants had a normal
sleep—wake cycle before sleep interventions (i.e., sleep and
TSD respectively), to control for physical activity and food
intake, and to habituate the subjects to the experimental
setting.
The baseline period was followed by a nighttime inter-
vention period (2230—0630 h) in which subjects slept or
stayed awake. In the morning after both sleep and TSD
(i.e. day 2), subjects were requested to rate their perceived
hunger on a 100-mm visual analog scale (VAS) at 0700 h and
blood was sampled at 0730 h. Following the blood sampling
procedure, participants conducted the portion size task
(description below) in a fasted state (i.e. 0750 h), and
again rated their hunger. At 0800 h, they received a breakfast
comprising a yogurt drink (Gainomax Recovery Vanilj; Norr-
mejerier, Umea˚) poured into 2 glasses (500 ml in total;
100 kcal/100 g) and 2 bars of crisp bread (Wasa Sandwich
Cream Cheese Naturell; Barilla Sverige AB, Stockholm)
(75 kcal/bar), providing 650 kcal in total. This meal was
consumed in its entirety within 10 min, and subjective hun-
ger feelings were again assessed after breakfast at 0830 h.
Following this, participants once more conducted the second
portion size task, i.e. a second time but now in sated state.
2.3. Portion size task
The ideal portion size was measured using the ‘method of
adjustment’ (based on Brunstrom et al., 2008), in which
pictures of 13 commonly consumed foods were shown on a
laptop: 7 meal items including spaghetti Bolognese, penne
and tomato sauce, rice curry (chicken tikka masala), boiled
potatoes, oven fries, baguettes with garlic and herb butter,
and cheese and tomato pizza; and 6 snack items including
cashew nuts, pretzels, ‘Pringles’ (savory snack; Proctor and
Gamble), banana, ‘KitKat’ (chocolate confectionary;
Figure 1 Selected portion size (kcal; mean  SEM) of the most-liked food items following total sleep deprivation (TSD; black bars)
and a night of sleep (white bars). The individual’s most-liked food items with the highest pleasantness ratings were selected based on a
median split for all food categories, i.e. 7 of all the food items (‘meal + snack items’), 4 of the meal items (‘meal items’) and 3 of the
snack items (‘snack items’). The portion size task was administered both before (‘fasted’) and after (‘sated’) a breakfast of 650 kcal
(n = 16). TSD vs. sleep (*p < 0.05; **p < 0.01).
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Sleep deprivation affects food choice 1671Nestle´), and peanut M&Ms (chocolate confectionary; Mars).
Participants were familiar with all of these foods. Partici-
pants were asked to ‘imagine that they would have the food
on the screen right now’, and to ‘select their ideal portion
size’ for 13 food items, comprising 7 meal items and 6 snack
items. Ideal portion size for each food item was selected by
using the arrow keys on the keyboard, i.e. depression of the
left and right arrow keys caused a decrease and increase in
the portion shown, respectively. The pictures were loaded
with sufficient speed that the change in portion size
appeared animated. The amount that could be displayed
ranged from 83 kcal to 750 kcal. A total of 51 pictures were
used to display these amounts. Picture number 25 displayed
a 250 kcal portion. Picture number 0 displayed 0.3 times and
picture number 50 displayed 3 times this amount. The order
of appearance of these 13 food items was randomized across
participants, and each trial (i.e. each food item) started
with a different and randomly selected amount for each
food. Importantly, participants were informed that this task
was a mock test, and that they would not be given the food to
eat after the test. For each participant, a mean portion size
(kcal) was calculated based on the response to all food items
interest (i.e. a mean of all 13 food items; a mean of meal
items; and a mean of snack items). A previous study has
shown that the computer-based task used here to assess
portion size has been validated against selection and con-
sumption of real foods (Wilkinson et al., 2012). Moreover, it
has been demonstrated that portion size is a reliable pre-
dictor of food intake (Rolls et al., 2002; Wansink et al.,
2005).
In order to assess individual differences in food prefer-
ences, participants rated pleasantness (‘how much do you
like this food in general?’) of the 13 test food items (showing
the 250-kcal portion) on the baseline day (after breakfast) of
their first experimental session on 100-mm VAS, anchored
‘not at all’ to ‘extremely’.
2.4. Sleep interventions
In the nights with sleep opportunity, lights were turned off at
2230 h, and switched on the next morning at 0630 h. Poly-
somnography was performed by use of Embla A10 recorders
(Flaga hf, Reykjavik, Iceland) and comprised electroence-
phalography (EEG), electrooculography (EOG), and electro-
myography (EMG). Sleep stages were determined according
to standard criteria (Rechtschafen and Kales, 1968) by an
experienced scorer blinded to the study hypothesis. To keep
subjects awake during the nocturnal vigil, they were pro-
vided with a selection of movies, games, and books, given
access to bottled water, and the lights were kept on. Parti-
cipants were continuously monitored by the experimenters
to ensure wakefulness.
2.5. Assessments
For the assessment of plasma concentrations of total ghrelin,
blood was sampled at 0730 h in the morning following the
sleep intervention. Blood samples were immediately centri-
fuged and frozen at 80 8C until analysis. A commercially
available ELISA was used for assaying total ghrelin (EZGRT-
89K; Millipore, Billerica, MA, USA).2.6. Data analysis
In order to account for inter-individual differences in food
preferences, as well as the amount of food an individual
might be satisfied by, our primary statistical analysis testing
the influence of acute total sleep deprivation (TSD) on por-
tion size choice was run for the most-liked items. To this aim,
we selected the individual’s most-liked food items with the
highest pleasantness ratings, based on a median split, i.e. 7
of all the food items, 4 of the meal-items and 3 of the snack
items. In a secondary step, all food items (7 meal and 6 snack
items, respectively) were entered into the statistical ana-
lyses. Overall, ANOVA was used to explore the effects of sleep
interventions (sleep vs. TSD) and/or the breakfast provided
(fasted vs. sated) on the selected portion size, perceived
hunger ratings, and hormonal data. A recent meta-analysis
has shown that sleep loss increases food intake in humans
(Chapman et al., 2012). Further, following total sleep depri-
vation, increased morning fasting ghrelin concentrations
have been observed in healthy young men (Schmid et al.,
2008; Benedict et al., 2011). With this in mind, we predicted
that both selected portion size and fasting ghrelin would be
increased after TSD as compared with values obtained after
one night of sleep. Thus, weighted contrasts were used for
pairwise comparisons between the sleep and TSD conditions.
All data are presented as means  SEM. P < 0.05 was con-
sidered significant. Data were analyzed using SAS (version
9.5; SAS Institute Inc.).
3. Results
3.1. Sleep recordings
In the sleep intervention night of the sleep condition, sleep
characteristics were as follows: total sleep time:
442  6 min; wake: 30  6 min; sleep stage 1: 5  1 min;
stage 2: 219  11 min; slow-wave sleep: 115  6 min; rapid
eye movement (REM) sleep: 103  8 min. Sleep-onset
latency was 8  4 min, and sleep efficiency was 92  1%.
Sleep recordings in the baseline period showed similar
results, and did not differ between conditions (data not
shown).
3.2. Effects of total sleep deprivation on
selected portion size of most-liked food items
Fig. 1 shows the mean selected portion size (in kcal) of the
most-liked food items. Portion size was larger after TSD
compared to sleep (main effect TSD/sleep p < 0.01), and
larger in fasted compared to the sated state (main effect
breakfast p < 0.001). In the fasted state (TSD vs. sleep, all
food items: 482  39 vs. 422  38 kcal, p = 0.02), the effect
of TSD was not specific for the food item category (TSD vs.
sleep, meal items: 496  52 vs. 428  43 kcal, p = 0.06;
snack items: 446  45 vs. 390  41 kcal, p = 0.08). Following
breakfast, the portion size was again larger after TSD com-
pared to sleep in the sated state (TSD vs. sleep, all food
items: 399  41 vs. 356  33 kcal, p < 0.01). However, in
contrast to the portion size choice pattern before the break-
fast, subjects selected larger portions of snack but not meal
items in their TSD condition (TSD vs. sleep, snack items:
1672 P.S. Hogenkamp et al.364  32 vs. 313  38 kcal, p = 0.02; meal items: 408  55 vs.
384  50 kcal, p = 0.13).
3.3. Effects of total sleep deprivation on
selected portion size of all food items
Descriptive results can be found in Table 1. Repeating the
analysis including all 13 food items revealed a similar results
pattern. The portion size (in kcal) was larger after TSD
compared to sleep (main effect TSD/sleep p = 0.01). While
this effect was significant after breakfast (TSD vs. sleep, all
foods 322  34 vs. 303  33 kcal, p < 0.01), it was not in the
fasted state (TSD vs. sleep, 400  36 vs. 359  31 kcal,
p = 0.07). In line with the results obtained from the analysis
including the most-liked food items, subjects again selected
larger portions of snack but not meal items in their TSD
condition when sated (TSD vs. sleep, snack items: 277  20
vs. 242  29 kcal, p = 0.02; meal items: 361  51 vs.
351  45 kcal, p = 0.13).
3.4. Effects of total sleep deprivation on hunger
sensations
Participants reported higher hunger ratings after TSD than
after sleep. Hunger ratings (mm) for wakefulness vs. sleep
were 76  7 vs. 61  6 mm at 0700 h ( p < 0.01), and 80  4
vs. 69  6 mm at 0800 h ( p = 0.04). Hunger reductions fol-
lowing the breakfast were similar for both TSD (37  6 mm)
and sleep (36  5 mm; p = 0.45), and reported hunger at
0830 h remained higher following TSD (43  7 mm) as com-
pared to sleep (33  7 mm; p = 0.02).
3.5. Effects of total sleep deprivation on plasma
levels of ghrelin
Plasma levels of total ghrelin were higher after TSD
(442  61 pg/ml) than after a night of sleep (390  44 pg/
ml; p = 0.04).
4. Discussion
These results demonstrate that overnight wakefulness, a
condition that is typically observed in night-shift workers,
increases both feelings of hunger and plasma ghrelin levels
the following morning. Furthermore, participants selected
larger portions following sleep deprivation as compared to
normal sleep, and importantly, this effect was not specific toTable 1 Selected portion size (kcal; mean  SEM) of all food ite
(TSD) and after a night of sleep (n = 16).
All food items Meal ite
TSDa Sleepb TSDa
Fasted 400  36c 359  31d 455  48
Sated 322  34e 303  33f 361  51
a,b Portion size was larger after TSD as compared to a night of sleep (
c,d Portion size was larger after TSD as compared to a night of sleep in
e,f Portion size was larger after TSD as compared to a night of sleep inthe type of food offered. A breakfast (650 kcal) reduced
subjective hunger sensations equally in both conditions.
However, post-consumption, sleep-deprived subjects
selected larger portions only of snack items. These results
demonstrate that both an individual’s hunger state, as well as
the specific type of food that is available, are relevant for
portion size decisions after sleep deprivation. Thus, when
determining the effect of sleep deprivation on food intake in
humans, it is important to take into account experimental
conditions, such as test meal composition, food liking, and
hunger state.
The fact that sleep deprivation increased portion size in
the fasted state irrespective of the type of food offered
suggests that overeating following sleep loss may represent
a homeostatic compensatory response. This homeostatic
response is likely produced to compensate for the energy
deficit that results from sleep deprivation (Jung et al., 2010):
it has been observed that nocturnal wakefulness, as com-
pared to a day including a nocturnal 8-h sleep episode,
produces a 7% increase in 24-h energy expenditure. More-
over, when subjects stay awake overnight, the physiologic
decline in core body temperature (highly correlated with the
basal metabolic rate; Silva, 2006) that typically emerges
after sleep onset is dampened (Benedict et al., 2011), and
concomitantly, the central nervous system’s energy needs
are increased (Boyle et al., 1994).
However, the added effect of sleep loss on portion size
when sated was observed only for snack items, suggesting the
existence of a secondary, non-homeostatic mechanism for
sleep-loss induced consumption. In previous studies, sleep
deprivation has been shown to increase the overall brain
responses to palatable food images (Benedict et al., 2012;
St-Onge et al., 2012a). These effects were particularly pro-
nounced in areas involving reward processing, including the
nucleus accumbens, thalamus, insula, and anterior cingulate
cortex. Additionally, and in line with our results, in one of these
functional magnetic resonance imaging (fMRI) studies, these
effects were obtained following a caloric load (Benedict et al.,
2012). Bearing in mind this consistency of evidence, the over-
eating associated with sleep loss may be the result of two
independent mechanisms: a homeostatic drive to compensate
for nocturnal energy deficits, and an increase in reward system
susceptibility to calorically dense foods. Importantly, whereas
the homeostatic drive thus can be reset by a caloric load, e.g. a
breakfast, this does not appear to be the case for the portion
size choices driven by the reward system.
Our results are in line with studies that observed
an increase in ad libitum intake after loss of sleepms, meal items, and snack items after total sleep deprivation
ms Snack items
Sleepb TSDa Sleepb
c 400  36d 337  30 310  29
 351  45 277  20e 242  29 f
main effect sleep: p < 0.05 for all categories).
 the fasted state ( p = 0.07 for all foods, p = 0.06 for meal items).
 the sated state for all food items and snack items ( p < 0.01).
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et al., 2010; St-Onge et al., 2011), and support the observation
that sleep loss may increase energy intake of snacks in parti-
cular (Nedeltcheva et al., 2009). This latter study, however,
reported differences in snack intake particularly in the hours
after an evening dinner (i.e. between 1900 h and 0700 h),
which included most of the extra waking hours in which no food
other than snack items was available. In the current study, we
did not measure actual food intake and food items were not
readily available in the current study. However, screen-based
measures of ideal portion size were significantly related to
intake (Wilkinson et al., 2012), and earlier studies showed that
portion size is a good predictor of food intake (Rolls et al.,
2002; Wansink et al., 2005). One of the strengths of using the
portion size task in the current study is that this avoided giving
the participants the opportunity to overeat from a buffet, or
from only one available food type. Also, the sleep interven-
tions were preceded by a baseline period to minimize potential
noise in the data produced by spontaneous food intake and/or
exercise, which may affect subsequent eating behavior (Laan
et al., 2010).
Our results are also in agreement with previous studies
showing consistently that sleep-deprivation induces
increases in plasma ghrelin concentrations (Taheri et al.,
2004; Schmid et al., 2008). Ghrelin plays an important role
in the short-term control of food intake: ghrelin administra-
tion stimulates a quick and robust increase in consumption
(Druce et al., 2005). Moreover, intravenous infusions of
ghrelin increase neural activation in response to food in brain
areas involved in hedonic appetitive control, such as the
striatum (Malik et al., 2008), suggesting that ghrelin is likely
to promote an increase in the brain reward response to food.
This neuroendocrine mechanism may thus underly both the
homeostatic and hedonic control of food intake following
sleep deprivation. However, we did not determine ghrelin
concentrations in the sated state, and therefore the role of
ghrelin in the selection of a larger portion size, as observed in
the fasted compared to sated states, requires further inves-
tigation.
Several limitations apply: people who usually do not have
breakfast might react differently to TSD than breakfast
eaters. Second, we studied normal-weight healthy men,
and generalization to women may not be appropriate (St-
Onge et al., 2012b). Third, the aspect of different chron-
otypes may be relevant. Fourth, participants were informed
that portion size task was a mock test. Thus, they were not
given the food to eat after the test. There are some addi-
tional issues related to the portion size task that warrants
further discussion. Participants could have considered some
meal items as snack items (e.g. pizza), and vice versa (e.g.
banana). Another issue relates to a person’s like for a parti-
cular food versus the person’s actual consumption of that
food. One might crave chocolate bars but not be willing to eat
them because of potential negative health outcomes. Finally,
the most liked food among those presented could be less
appealing than each individual’s unique favorite food, which
may have resulted in even larger differences in portion size
between the TSD and sleep conditions. Inter-individual dif-
ferences in food preferences cannot be ignored. This latter
view is also supported by our study findings. Inter-individual
differences in food preferences cannot be ignored. This
latter view is also supported by our study findings. Whentaking individual food preferences into account, the effects
of TSD on portion size choices reached significance. In con-
trast, when including all food items into analysis, i.e. when
individual preferences were ignored, the effects of TSD on
portion size choices were less pronounced. This suggests that
the type of test food provided should be taken into account
when exploring the influence of sleep loss on food intake in
humans.
In conclusion, our results suggest that two independent
mechanisms — one homeostatic, and one hedonic — may
combine to explain the effect of sleep deprivation on hunger
and consummatory behavior. This experiment further sug-
gests that variables such as hunger state and the type of test
food provided should be taken into account when considering
the influence of sleep loss on food intake in humans. How-
ever, future research is needed to confirm our findings under
conditions of partial sleep deprivation.
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